It is very important to focus on the solid-liquid interface for analysis of a variety of systems at solid-liquid interface such as electroless deposition processes. In order to avoid the influence of "bulk" solutions, we characterized reductants (i.e., hydrazine, hypophosphite, formaldehyde) adsorption on Ag surface down to the single molecular level by using plasmon antenna enhanced Raman scattering with a high-selectivity component. The concentric-patterned antenna coated with Ag, which consisted of a single hole with coaxial dimples, was designed by Finite Difference Time Domain (FDTD) calculation to enhance the electric field by focusing surface plasmon. By using this antenna and comparing the spectra to the results of Density Functional Theory (DFT) calculations, Raman peaks of adsorbed reductants on Ag were identified. These results suggest that this approach can exactly focus on the solid-liquid interface, and such in-situ characterization will be beneficial for analysis of catalytic reactions, which is one of the most difficult applications in electroless deposition processes.
INTRODUCTION
Precise control of the solid-liquid interface is very necessary in electroless deposition processes or variety of systems at solid-liquid interface. Surface enhanced Raman Scattering (SERS) effect is a breakthrough technique that can strongly ________________________ Bin Jiang, College of Urban and Environmental Science, Northwest University, 1 Xuefu Ave., Guodu Education and Hi-Tech Industries Zone, Chang'an District, Xi'an, 710075, Shaanxi Province, China increase Raman signals from molecules and precisely provide in-situ, ultrasensitive characterization of chemicals on metals down to single molecular level for analysis of solid-liquid interface [1] [2] [3] [4] . However, the electromagnetic field depends crucially on the size of the plasmonic metals and the distance from the plasmonic metals in the range of 1-2 nm [5] [6] [7] . In generally, SERS approach is difficult to avoid the influence of "bulk" solutions and define the location of the detected molecules, usually affecting the spectral results.
To overcome these problems, this study attempts to demonstrate the characterization of reductants adsorption on Ag surface down to single molecular level using surface enhanced Raman antenna with high-selectivity component. This antenna consists of a single hole with coaxial dimples designed by using FDTD calculation. Such an in-situ characterization approach is required for analysis of a variety of systems at the solid-liquid interface, such as electroless deposition process [8] [9] [10] [11] [12] . Meanwhile, the theoretical calculation (DFT) can provide molecular level, basic level information to support and compare with experimental analyses for better understanding the characterizations [13] [14] [15] .
METHODS
The surface enhanced plasmon antenna was designed as the concentric pattern with coaxial dimples for enhancing the Raman scattering effectively on metal surfaces by using FDTD calculation, whose details are described elsewhere [16] . The structure of the antenna consists of six lines and spaces a pitch of 550 nm and a center dimple with a diameter of 250 nm. The enhanced area was around 50 nm where a localized plasmon was generated according to FDTD calculation. In addition, the surface roughness was within 1 nm in the enhanced area, where could enhance the Raman scattering at right angle. Therefore, we changed the focus of measurement precisely by using a piezometer stage, which could allow us to take measurement at varying distances from the antenna. The electric field of the antenna was calculated with FDTD solver (Fullwave) provided by RSoft Design Group.
The concentric pattern of plasmon antenna was formed on a Si substrate by using UV-nanoimprint lithography (Kyodo-international). The Ag (23) layer with 100 nm thickness was then sputter deposited on the concentric pattern. The SEM image of Ag plasmon antenna was shown in Figure 1 (FE-SEM, S-4800, Hitachi).
Experimental conditions of the "bulk" solutions (not in contact with plasmon antenna) were given in Table I . A 0.5-µL aliquot of hydrazine (H2NNH2•H2O, Kanto Chemical Co., Inc.), hypophosphite (NaPH2O2•H2O, Kanto Chemical Co., Inc.), or formaldehyde (HCHO, Kanto Chemical Co., Inc.), each at concentration of 100 mM, as summarized in Table II , was placed on the antenna surface. The solutions with antenna were then measured using a Raman micro spectroscopy device (Nano finder 30, Tokyo Instruments, Inc.) equipped with a confocal microscope. The 532.2 nm line for Ag (23) was used for the excitation of Raman scattering. The laser beam was focused onto spot around 1µm in diameter through an objective lens at a magnification of 100 × with NA (0.9). The data acquisition time was 1.0 s. The wavenumber resolution was 2.4 cm-1 when the grating (600 grooves/mm) was used, and the wavenumber range was 50 cm-1 -4000 cm-1. The laser power irradiated on the sample surface was 3 mW. Bath temperature and pH were 50 oC and 8.6.
The DFT calculations were performed using the B3LYP functional as implemented in the Gaussian 03 package [17] , which was a combination of Becke's three-parameter hybrid exchange functional (B3) [18] and the Lee-Yang-Parr correlation functional (LYP) [19] . The Gaussian Basis sets were P, C, H/6-31G** [20] and O, N/6-31 +G** [21] .
The solvation effect was taken into account by the self-consistent reaction field method with an isodensity surface polarized continuum model (SCRF-IPCM) [22] , which used dielectric constant 80.0 [-] . Figure 2 show the theoretical Raman spectrum calculated by using DFT and experimental Raman spectra of the "bulk" solutions in high concentration (not in contact with the plasmon antenna). A Raman spectrum of reductants was given as Fig. 2 . Corresponding to the theoretical Raman spectrum of reductants in Table III , all characteristic peaks of reductants were observed as follows:
RESULTS AND DISCUSSION
1. Figure 2 (Solid line (a)) shows the Raman spectrum of N2H4, which has six pronounced, polarized lines at 469, 818/924, 1132, 1303/1366, 1633 (overlapping Raman band), and 3293 (3213, 3356) cm-1. We assign these lines to the NH2 torsional (vertical), NH2 bending (out of plane), NN stretching, NH2 torsional (horizontal), NH2 bending (in plane), and NH stretching, respectively, by comparing them with the theoretical Raman spectrum of hydrazine and other studies [23, 24] .
2. Figure 2 (Dash line (b)) shows the Raman spectrum of NaH2PO2, which has six pronounced, polarized lines at 466, 816, 921, 1060/1197, 1136 (overlapping Raman band), and 2315 cm-1 (overlapping Raman band). These lines are assigned to the OPO bending (in plane), HPH torsional (vertical), HPH torsional (horizontal), PO stretching, HPH bending (out of plane) or HPH bending (in plane), and PH stretching, respectively, by comparing them with the theoretical Raman spectrum of hypophosphite and other studies [25, 26] .
3. Figure 2 (Dot line (c)) shows the Raman spectrum of HCHO, which has eight pronounced, polarized lines at 458, 776/1386, 1018, 1122, 1296, 1426, 1545, and 2404 cm-1(overlapping Raman band). We also have assigned these lines to the OCO bending, CO stretching, COH bending, CH2 torsional (horizontal), CH2 torsional (vertical), HCH bending (out of plane), HCH bending (in plane), and CH stretching, respectively, by comparing them with the theoretical Raman spectrum of formaldehyde and other studies [27, 28] .
The characteristic peaks of the Raman spectra of the "bulk" solutions could be applied to define the bonding of adsorbed reductants on Ag as fundamental information. Furthermore, the characteristic peaks in the Raman spectra were in good agreement with DFT results. The structure of the antenna was designed for efficiently enhancing Raman scattering on Ag by FDTD calculation. The SERS effect of deposited Ag is much higher than other metals, whose details are described elsewhere [16] . Figure 3 shows the experimental Raman spectra of the reductants in low concentration on the Ag antenna. There was no Raman shift in the Raman spectrum of the reductants solution in low concentration alone. In the Fig. 3 , Raman spectra of adsorbed hydrazine on Ag (a); adsorbed hypophosphite on Ag (b); adsorbed formaldehyde on Ag (c); and only Ag antenna (d) were given. By comparing with the Raman spectra of only reductant solutions (not in contact with the antenna), extra Raman shifts at 360 cm -1 were observed in the figure. Because these Raman peaks were observed only after the reductants were dropped on the Ag antenna, while there were no these peaks in the Raman spectra of only reductant solutions. Therefore, we defined this wavenumber domain as Ag-reductants bonding. Moreover, there were other lines of undetermined scattered radiation which we had assigned tentatively to the characteristic peaks of reductants.
From these results, the surface enhanced Raman antenna could dramatically enhance the Raman signals and precisely characterize the adsorption of reductants on metal surfaces. 
CONCLUSIONS
In this work, an approach for focusing on the solid-liquid interface to analyze the characterization of reductants adsorption on metal surfaces using surface enhanced Raman antenna was proposed. By using the antenna and comparison with DFT results, Raman peaks of adsorbed reductants on Ag were provided, defining as Agreductants bond. From the experimental and calculated analyses, we demonstrated that this method had a possibility to define the place and structure of adsorbed reductants just only on the plasmon antenna. In a word, such in-situ characterization approach focusing on the solid-liquid interface is important for analysis of various systems at solid-liquid interface; this will be very helpful for understanding and establishing novel and highly controlled electroless deposition processes.
